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The Effects of Examinee Motivation on 
Multiple-Choice Item Parameter Estimates 
The purpose of this study was to examine the effects of false assumption regarding the 
motivation of examinees on item calibration and test construction. A simulation study was 
conducted using data generated using two models of item responses (the 3-parameter logistic 
item response model alone, and in combination with Wise's Examinee Persistence model 
(1996a)). Items were calibrated using a Bayesian method. Results clearly document the effect 
of low motivation on item parameter estimates. For the conditions studied, the item paramet-
er estimates based on responses from poorly motivated examinees were biased and more 
variable than estimates based on responses from examinees who behaved according to the 
three-parameter logistic model. 
L o w m o t i v a t i o n tes t - taking b e h a v i o r s m a y occur w h e n the examinee is aware 
that the results f r o m p o r t i o n s of the test (or the comple te test) h a v e n o p e r s o n a l 
consequence . T h i s c i r c u m s t a n c e m a y arise w h e n the p u r p o s e of the test a d m i n -
i s t ra t ion is to p i l o t test i tems or to es tabl ish g r o u p - l e v e l scores, as i n s ta tewide 
or p r o v i n c i a l assessment. A s tudent w i t h l o w m o t i v a t i o n m a y not persist i n 
a p p l y i n g h is or her abi l i t ies w h e n r e s p o n d i n g to test i tems, o p t i n g instead to 
guess, o m i t a large n u m b e r of i t e m responses, or q u i t ent i re ly . T h i s examinee 's 
response p a t t e r n is aberrant because p e r f o r m a n c e o n the i n c o n s e q u e n t i a l i tems 
does n o t reflect h i s or h e r a b i l i t y . 
E a r l i e r research i n the area of test-taker m o t i v a t i o n suggests that i t e m a n d 
test characterist ics are re lated to the m o t i v a t i o n of examinees . S t o c k i n g , Steffen, 
a n d E i g n o r (2001) s t u d i e d the responses of m o r e t h a n 33,000 co l lege- leve l 
examinees to a n o p e r a t i o n a l G r a d u a t e R e c o r d E x a m i n a t i o n ( A n a l y t i c a l ) a n d 
f o u n d that the p r o p o r t i o n s of examinees w h o r a n d o m l y guess (def ined as 
s p e n d i n g less t h a n 10 seconds p e r i tem) or o m i t the response ent i re ly increase 
as i t e m p o s i t i o n increases (i.e., as the test goes on) . T h e y also o b s e r v e d that the 
p r o p o r t i o n s of examinees w h o guess or o m i t are h i g h e r for i tems that are part 
of a set of i tems w i t h a c o m m o n s t i m u l u s t h a n for discrete i tems. T h e y c o n -
c l u d e d that i t e m p o s i t i o n a n d i t e m f o r m a t in f luence test - taking b e h a v i o r s . I tem 
f o r m a t effects w e r e a lso o b s e r v e d b y D e M a r s (2000), w h o s t u d i e d 11,930 h i g h 
s c h o o l s tudents w r i t i n g the M i c h i g a n H i g h School P r o f i c i e n c y Test. She f o u n d 
that the average score of s tudents w a s h i g h e r w h e n the stakes w e r e h i g h 
( d i p l o m a endorsement ) t h a n w h e n stakes w e r e l o w (pi lot test), b u t the d i f -
ference w a s larger for cons t ruc ted response t h a n m u l t i p l e - c h o i c e i tems, s u g -
ges t ing that i t e m f o r m a t m a y interact w i t h m o t i v a t i o n to p e r f o r m . W o l f , S m i t h , 
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a n d B i r n b a u m (1995) c o n s i d e r e d the responses of 301 h i g h s c h o o l s tudents to a 
N e w Jersey state g r a d u a t i o n test i n m a t h . T h e y s t u d i e d i t e m d i f f i c u l t y , task 
e x e r t i o n ( o p e r a t i o n a l l y d e f i n e d as a r a t i n g p r o v i d e d b y s ix exper ienced m a t h 
educators) , a n d i t e m p o s i t i o n as pred ic tors of d i f ferent ia l i t e m f u n c t i o n i n g 
(DIF) b e t w e e n the g r o u p s of examinees i n h i g h - a n d low-s takes c i rcumstances . 
T h e y f o u n d D I F b e t w e e n the l o w - a n d high-stakes g r o u p s w a s p r e d i c t e d b y 
i t e m d i f f i c u l t y a n d task exer t ion . T h e corre la t ion b e t w e e n i t e m d i f f i c u l t y a n d 
task e x e r t i o n w a s .40. Interest ingly , D I F b e t w e e n l o w - a n d high-s takes g r o u p s 
w a s n o t p r e d i c t e d b y i t e m p o s i t i o n . T h e y note, h o w e v e r , that i t e m p o s i t i o n i n 
this test d i d n o t v a r y a n d that the test l e n g t h w a s o n l y 30 i tems l o n g , p e r h a p s 
too short to p r o d u c e fa t igue . W o l f a n d S m i t h (1995) o b s e r v e d 158 col lege 
s tudents o n b o t h a h igh-s takes a n d a low-s takes class test a n d col lected self-
r e p o r t i n f o r m a t i o n r e g a r d i n g s tudent m o t i v a t i o n . E x a m i n e e s r e p o r t e d h i g h e r 
levels of m o t i v a t i o n for the h igh-s takes test. A l s o , m o s t examinees h a d s l i g h t l y 
h i g h e r scores o n the h igh-s takes test, a l t h o u g h one t h i r d of t h e m h a d h i g h e r 
scores o n l o w - s t a k e s test. 
Research has a lso d e l v e d i n t o the re la t ionsh ip b e t w e e n examinee charac-
teristics a n d l o w m o t i v a t i o n tes t - taking behav iors . S t o c k i n g et a l . (2001) f o u n d 
that the p r o p o r t i o n of examinees w h o r a n d o m l y guessed or o m i t t e d i tems 
increased as a b i l i t y decreased. T h i s effect w a s also n o t e d b y W i s e (1996a, 
1996b), a n d W o l f a n d S m i t h (1995). O t h e r examinee characterist ics s u c h as 
g e n d e r a n d e t h n i c i t y a p p e a r to be less i n f l u e n t i a l i n d e t e r m i n i n g test - taking 
m o t i v a t i o n t h a n a b i l i t y ( D e M a r s , 2000). 
Item Response Models 
I tem response m o d e l s descr ibe the r e l a t i o n s h i p b e t w e e n a n examinee a n d the 
i tems o n a test. Recent research has focused o n the i d e n t i f i c a t i o n of u n l i k e l y 
response pat terns i n r e l a t i o n to i t e m response m o d e l s ( K a l o h n & S p r a y , 1999; 
N e r i n g , 1997; v a n K r i m p e n - S t o o p & Mei je r , 1999). M a n y types of i t e m response 
m o d e l s h a v e b e e n d e v e l o p e d (van der L i n d e n & H a m b l e t o n , 1997). In this 
s t u d y , a t tent ion is f o c u s e d o n a three-parameter logis t ic i t e m response m o d e l 
for d i c h o t o m o u s l y scored data . 
The Three-Parameter Logistic Item Response Model 
T h e three-parameter log is t i c (3PL) i t e m response m o d e l ( I R M ) c a n be d e f i n e d 
as 
P (ft) = c, + — , (1) 
; 1 + r D a > ( e r bi> 
w h e r e 
e is the base of the s y s t e m of n a t u r a l l o g a r i t h m s , 
i indexes test i t e m (/=1,2,3,..., n), 
j indexes e x a m i n e e (/=1,2,3,..., N ) , 
fl, is the d i s c r i m i n a t i o n parameter for i t e m i a n d is p r o p o r t i o n a l to the s lope 
of the i t e m response f u n c t i o n at the p o i n t Qi=bi, 
bt is the d i f f i c u l t y parameter for i t e m i , the p o i n t o n the a b i l i t y scale at 
w h i c h a n e x a m i n e e has (l+c)/2 p r o b a b i l i t y of a n s w e r i n g i t e m i correct ly , 
c, is the l o w e r a s y m p t o t e parameter of the i t e m response f u n c t i o n for i t e m 
i a n d represents the p r o b a b i l i t y of a n examinee w i t h l o w ab i l i ty correct ly 
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a n s w e r i n g the i t e m (sometimes referred to as the p s e u d o - g u e s s i n g p a r a -
meter) , 
0j represents the a b i l i t y of examinee ;', 
P , ( i s the p r o b a b i l i t y of examinee ; w i t h ab i l i ty 0 a n s w e r i n g i t e m i correct ly , 
a n d 
D is a s c a l i n g factor; w h e n set to 1.702, the parameter estimates for the 
logis t i c a n d the n o r m a l o g i v e m o d e l s are c o m p a r a b l e . 
In o r d e r to o b t a i n estimates of the i t e m parameters a, b, a n d c, a n i t e m 
c a l i b r a t i o n s t u d y is c o n d u c t e d . In general , c a l i b r a t i o n s tudies i n v o l v e i d e n t i f y -
i n g a su i tab le n u m b e r of examinees , a d m i n i s t e r i n g the test i tems, a n d u s i n g the 
r e s u l t i n g i t e m responses to est imate i t e m parameters . I tem parameter estimates 
are t h e n r e v i e w e d , a n d those that are consistent w i t h the g o a l of the test are 
selected for subsequent o p e r a t i o n a l test a d m i n i s t r a t i o n s to o b t a i n a b i l i t y es-
timates of f u t u r e examinees . 
It is g e n e r a l l y a s s u m e d that the g r o u p of examinees u s e d to cal ibrate test 
i tems is c o m p o s e d of normal r esponders ( D r a s g o w , L e v i n e , & W i l l i a m s , 1985; 
Y i , 1998), that is , they d o not d i s p l a y aberrant response b e h a v i o r s . A l t h o u g h 
the a s s u m p t i o n of a n o r m a l c a l i b r a t i o n g r o u p is m e n t i o n e d i n the l i terature, 
f e w s tudies h a v e f o c u s e d o n the effect of its v i o l a t i o n . V i o l a t i o n of this a s s u m p -
t i o n , h o w e v e r , m a y resul t i n errors i n i t e m parameter estimates. 
E r r o r s i n i t e m p a r a m e t e r estimates m a y h a v e ser ious i m p l i c a t i o n s for test 
c o n s t r u c t i o n . F o r e x a m p l e , a n o v e r e s t i m a t i o n of the i t e m d i s c r i m i n a t i o n p a r a -
meter a resul ts i n errors i n o v e r e s t i m a t i o n of the i t e m i n f o r m a t i o n ( H a m b l e t o n 
& Jones, 1994; H a m b l e t o n , Jones, & Rogers , 1993; T s u t a k a w a & J o h n s o n , 1990; 
v a n der L i n d e n & G l a s , 2000)—def ined as the extent to w h i c h the i t e m deter-
m i n e s the v a l u e of the a b i l i t y b e i n g m e a s u r e d ( M c D o n a l d , 1999). I n f o r m a t i o n is 
re la ted to the p r e c i s i o n w i t h w h i c h a b i l i t y is es t imated, s u c h that the greater the 
i n f o r m a t i o n there is at a g i v e n 0, the m o r e precise the m e a s u r e m e n t w i l l be at 0. 
It has v a r i o u s a p p l i c a t i o n s i n the m e a s u r e m e n t f i e l d , s u c h as i n d e s c r i b i n g 
i tems, se lec t ing i tems for test c o n s t r u c t i o n , assessing the p r e c i s i o n of m e a s u r e -
ment , a n d c o m p a r i n g i tems. I n the case of the 3 P L I R T m o d e l the i t e m i n f o r m a -
t i o n f u n c t i o n is expressed , 
(1.7) 2 aXl-c,) 
I, (0) = — — , (2) 
[c,+ e1-7aP-be-][l+rl7"P-i']2 
w h e r e the terms are d e f i n e d as i n E q u a t i o n 1. F r o m E q u a t i o n 2 one c a n observe 
the r e l a t i o n s h i p b e t w e e n the i t e m parameters a n d i t e m i n f o r m a t i o n . I n f o r m a -
t i o n is h i g h e r w h e n the b v a l u e is c loser to 0, w h e n the a parameter is larger , a n d 
as c a p p r o a c h e s z e r o ( H a m b l e t o n , S w a m i n a t h a n , & Rogers , 1991). Because i t e m 
i n f o r m a t i o n has v a r i o u s a p p l i c a t i o n s i n the m e a s u r e m e n t f i e l d , o p p o r t u n i t i e s 
a b o u n d to m i s u s e i tems w h e n there are errors i n the i t e m i n f o r m a t i o n es-
t imates . 
Model of Low Motivation Test-Taking Behavior 
M o d e l s of l o w m o t i v a t i o n tes t - taking b e h a v i o r s h a v e been p r o p o s e d (S tock ing 
et a l . , 2001; W i s e , 1996a, 1996b). H e r e I focus o n W i s e ' s m o d e l because i t w a s the 
m o s t w i d e l y a p p l i e d at the t i m e of this p u b l i c a t i o n . 
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W i s e ' s (1996a, 1996b) E x a m i n e e Persistence (EP) m o d e l is a three-state 
M a r k o v process—at tent ive , r a n d o m guess ing , or n o n r e s p o n s e — w h e r e a l l ex-
aminees are i n i t i a l l y a s s u m e d to be i n the attentive state. A f t e r each i t e m , there 
is s o m e p r o b a b i l i t y that the examinee w i l l t rans i t ion f r o m a n attentive state to 
e i ther a r a n d o m g u e s s i n g state or a nonresponse state. E x a m i n e e s i n the r a n -
d o m g u e s s i n g state also h a v e some p r o b a b i l i t y of t r a n s i t i o n i n g to the n o n -
response state. T h e n o n r e s p o n s e state is a b s o r b i n g . 
I n W i s e ' s (1996a) E P m o d e l t rans i t ion probabi l i t i es w e r e m o d e l e d as a 
logis t i c f u n c t i o n of effort , o p e r a t i o n a l l y d e f i n e d as the dif ference b e t w e e n i t e m 
d i f f i c u l t y a n d e x a m i n e e a b i l i t y . T h e t rans i t ion probabi l i t i es w e r e d e f i n e d 
rij=P(Rj=i\Ai,)= 1 + e * r f l r y , (3) 
a n d 
*,= P(Qj= i I Qj>i-D= 1 + J - ^ , - V • (4) 
w h e r e 
r, is the p r o b a b i l i t y that e x a m i n e e ; w i l l t rans i t ion f r o m the attentive to the 
r a n d o m g u e s s i n g states after i t e m i, 
R is the r a n d o m v a r i a b l e d e n o t i n g the i t e m after w h i c h examinee j b e g a n to 
r e s p o n d r a n d o m l y , 
Atj is a l o g i c a l v a r i a b l e d e n o t i n g the event that examinee r e s p o n d e d atten-
tively to i t e m i, 
ra is the s lope of the logis t i c f u n c t i o n that g ives the p r o b a b i l i t y r\\, 
rb is the intercept of the logis t ic f u n c t i o n that g ives the p r o b a b i l i t y 
(jij is the p r o b a b i l i t y that examinee / transi t ions f r o m either the attentive or 
the r a n d o m g u e s s i n g state to o m i t t i n g after i t e m i, 
Q : denotes the n u m b e r of i tems reached b y examinee ;', 
q„ is the s lope of the logis t i c f u n c t i o n that g ives the p r o b a b i l i t y qq, a n d 
qb is the intercept of the logis t ic f u n c t i o n that gives the p r o b a b i l i t y . 
T h e t r a n s i t i o n p r o b a b i l i t y m a t r i x descr ibed b y W i s e (1996a) w a s therefore 
as s h o w n i n T a b l e 1. 
In o r d e r to p r o v i d e a n in terpre ta t ion of the v a r i o u s probabi l i t i es presented 
above , c o n s i d e r the f o l l o w i n g e x a m p l e . F o r t rans i t ion p r o b a b i l i t y parameters 
ra- 0.47, rh = 5.54, qa = -0.10, a n d qh = 5.66, the p r o p o r t i o n of examinees i n the 
attentive state after 50 i tems m a y be ca lculated b y (1 - rif - A , . ) 5 0 . F o r a n easy 
50- i tem test (i.e., b - Q- - 4 t h r o u g h o u t the test), 75% of examinees r e m a i n i n a n 
attentive state. W h e n the test is d i f f i c u l t (i.e., b - 0 = 4), 25% of examinees 
r e m a i n i n a n at tent ive state. 
T o assess this m o d e l , W i s e (1996a) o b s e r v e d 20,025 a r m y recruits w h o 
r e s p o n d e d to i tems ( d i v i d e d in to 6 sets) o n a low-stakes , p a p e r - a n d - p e n c i l 
a d m i n i s t r a t i o n of the U n i t e d States A r m y ' s C o m p u t e r i z e d A d a p t i v e Screening 
Test ( C A S T ) w o r d k n o w l e d g e ( W K ) a n d ar i thmet ic r e a s o n i n g ( A R ) subtests. 
E a c h test f o r m w a s a d m i n i s t e r e d i n f o r w a r d a n d reverse o r d e r to r a n d o m l y 
e q u i v a l e n t g r o u p s of examinees . H e inves t igated w h e t h e r the E P m o d e l f i t ted 
these d a t a better t h a n a m o d e l that d i d not i n c l u d e transi t ions to r a n d o m 
r e s p o n d i n g , w h e t h e r t r a n s i t i o n probabi l i t i es v a r i e d b y i t e m type , b y examinee 




Transi t ion Probabi l i ty Matr ix 
(from) 
attentive random-guess nonresponse 
l-fij-Q-ij 0 0 attentive (to) 
r,] 1-(¾ 0 random-guess 
q» q,; 1 nonresponse 
s i g n i f i c a n t l y i m p r o v e d fit i n c o m p a r i s o n w i t h the t r a d i t i o n a l 3 P L I R T m o d e l . 
T r a n s i t i o n p r o b a b i l i t i e s v a r i e d as a f u n c t i o n of i t e m type (ar i thmetic r e a s o n i n g 
v e r s u s w o r d k n o w l e d g e ) , w i t h i tems that r e q u i r e d m o r e effort (i.e., ar i thmet ic 
reasoning) , r e s u l t i n g i n h i g h e r probabi l i t i es of t rans i t ion . T r a n s i t i o n p r o b a b i l -
ities w e r e h i g h e r f o l l o w i n g m o r e d i f f i c u l t i tems, espec ia l ly for l o w - a b i l i t y ex-
aminees . M o r e d e t a i l e d accounts of the theory a n d appl i ca t ions of the E P 
m o d e l are o f fe red b y W i s e (1996a, 1996b). 
Purpose of the Study 
T h e p u r p o s e of this s t u d y w a s to p r o v i d e a n e x a m p l e of the potent ia l effect of 
false a s s u m p t i o n s r e g a r d i n g the m o t i v a t i o n levels of examinees i n low-stakes 
tes t ing e n v i r o n m e n t s o n i t e m ca l ibra t ion . 
Method 
Examinee and Item Characteristics 
S i m u l a t e d a b i l i t y v a l u e s of examinees i n the ca l ibra t ion g r o u p w e r e d r a w n 
f r o m a n a p p r o x i m a t e l y n o r m a l d i s t r i b u t i o n w i t h a m e a n of 0 a n d a s t a n d a r d 
d e v i a t i o n of 1. 
T h e i t e m parameters u s e d i n this s t u d y w e r e those of the 3 P L I R T m o d e l for 
d i c h o t o m o u s l y scored data . F o r the p u r p o s e s of this s t u d y , the i t e m parameter 
v a l u e s u s e d to generate response vectors for s i m u l a t e d examinees w e r e c o n -
stant. T h e i t e m p a r a m e t e r va lues for d i s c r i m i n a t i o n , d i f f i c u l t y , a n d p s e u d o -
g u e s s i n g w e r e a = 1.5, b = 0, a n d c - .2 respect ive ly . A l t h o u g h i t is u n l i k e l y that 
real - l i fe test i tems w o u l d h a v e i d e n t i c a l characteristics, this m e t h o d w a s u s e d 
to isolate the v a r i a b i l i t y i n t r o d u c e d b y l o w m o t i v a t i o n test - taking behav iors . 
A n y changes i n the i t e m parameter estimates w e r e c lear ly at tr ibutable to 
m a n i p u l a t i o n of the i n d e p e n d e n t var iables . 
Design: 3x2x50 with 100 Replications 
Three levels of examinee motivation. Three levels of examinee m o t i v a t i o n were 
e x a m i n e d i n this s t u d y . T h e first l eve l w a s d e f i n e d b y attentive examinees w h o 
r e s p o n d e d to a l l i t ems a c c o r d i n g the 3 P L I R T m o d e l . 
T h e s e c o n d l e v e l of examinee m o t i v a t i o n reflected l o w - m o t i v a t i o n test-
taker b e h a v i o r b a s e d o n the E P m o d e l p r o p o s e d b y W i s e (1996a), w i t h t rans i -
t i o n p r o b a b i l i t y parameters ra - 0.47, rh = 5.54, qa = -0.10, a n d qb = 5.66. N o t e that 
these v a l u e s w e r e the m e a n of the es t imated t rans i t ion p r o b a b i l i t y parameters 
b a s e d o n e m p i r i c a l research o n a f i x e d - i t e m , p a p e r - a n d - p e n c i l a d m i n i s t r a t i o n 
of the C A S T / A R test (Wise , 1996a). These t rans i t ion p r o b a b i l i t y parameters 
w e r e constant o v e r i tems. 
T h e t h i r d l e v e l of e x a m i n e e m o t i v a t i o n reflected v e r y l o w - m o t i v a t i o n test-
taker b e h a v i o r b a s e d o n the E P m o d e l p r o p o s e d b y W i s e (1996a), w i t h t rans i -
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t i o n p r o b a b i l i t y parameters ra = 0.59, rb = 5.04, qa = -0.15, a n d qb = 5.54. N o t e that 
these v a l u e s w e r e the largest absolute va lues of the slopes f r o m the es t imated 
t r a n s i t i o n p r o b a b i l i t y parameters based o n e m p i r i c a l research b y W i s e . These 
t r a n s i t i o n p r o b a b i l i t y parameters w e r e constant over i tems. 
It w a s a s s u m e d that the ar t i f i c ia l test w a s not speeded . T h i s w a s d o n e to 
isolate the effect of e x a m i n e e persistence, w i t h t rans i t ion probabi l i t i es that 
w e r e d e p e n d e n t o n the dif ference b e t w e e n the examinee 's a b i l i t y a n d the 
d i f f i c u l t y of the i t e m , a n d not o n t ime taken or t ime r e m a i n i n g . 
Two levels of sample size. T h e n u m b e r of s i m u l a t e d examinees u s e d i n this 
i n v e s t i g a t i o n w e r e n=500 a n d «=2 ,000 . The « = 5 0 0 c o n d i t i o n reflected the m i n i -
m u m n u m b e r of examinees r e q u i r e d for ca l ibra t ion of i tems for a 3 P L m o d e l 
( H u l i n , L i s s a k , & D r a s g o w , 1982). The «=2 ,000 c o n d i t i o n is g e n e r a l l y c o n -
s i d e r e d to be a large s a m p l e f r o m w h i c h to o b t a i n satisfactory i t e m parameter 
estimates ( L o r d , 1980) a n d has been used i n s tudies that h a v e e x a m i n e d the 
i n f l u e n c e of errors i n i t e m parameter estimates o n i t e m i n f o r m a t i o n funct ions 
a n d test c o n s t r u c t i o n ( H a m b l e t o n & Jones, 1994; H a m b l e t o n et a l . , 1993; v a n d e r 
L i n d e n & G l a s , 2000). 
Fifty item positions. There w e r e 50 i t e m pos i t ions i n the ar t i f i c ia l test. T h i s test 
l e n g t h w a s selected to s i m u l a t e the n u m b e r of i tems a n examinee m a y r e s p o n d 
to d u r i n g a c a l i b r a t i o n s t u d y . Items w i t h i d e n t i c a l characteristics w e r e a d -
m i n i s t e r e d to s i m u l a t e d examinees i n every p o s i t i o n i n the 50- i tem test. 
Replications. In this d e s i g n there w a s the potent ia l for s a m p l i n g error as-
soc ia ted w i t h the s a m p l i n g of examinees . Therefore , there w e r e 100 samples of 
examinees f r o m a p o p u l a t i o n for each c o n d i t i o n . T h i s resul ted i n 100 w i t h i n -
c o n d i t i o n observat ions . 
Procedure 
Data Generation Method 
I tem responses for examinees w e r e generated u s i n g the f o l l o w i n g p r o c e d u r e . 
A l l examinees started the test i n a n attentive state. 
Step 1. Genera te a n i t e m response for a n attentive examinee . T o d o this , the 
i t e m response w a s c o d e d as 1 (correct) if a r a n d o m n u m b e r , r, d r a w n f r o m 
U(0,1) is less t h a n or e q u a l to P(9), a n d as 0 (incorrect) if r>P(9). 
Step 2. D e t e r m i n e if the examinee transi t ions to a r a n d o m g u e s s i n g state. T o 
d o this , d r a w a r a n d o m n u m b e r f r o m U(0,1) a n d de termine if it is larger t h a n rig 
d e f i n e d i n E q u a t i o n 1. If the r a n d o m n u m b e r is larger t h a n rig, t h e n the ex-
a m i n e e does not t r a n s i t i o n to a r a n d o m state. G o to Step 3. If the r a n d o m 
n u m b e r is less t h a n rjg , t h e n the examinee transi t ions to a r a n d o m state. G o to 
Step 4. 
Step 3. D e t e r m i n e if the examinee transi t ions to a nonresponse state. T o d o 
this , d r a w a r a n d o m n u m b e r f r o m U(0,1) a n d de termine i f it is larger t h a n qtj as 
d e f i n e d i n E q u a t i o n 8. If the r a n d o m n u m b e r is larger than qijt t h e n the ex-
a m i n e e does n o t t r a n s i t i o n to a nonresponse state. If the r a n d o m n u m b e r is less 
t h a n qit, t h e n the e x a m i n e e does t rans i t ion to a nonresponse state. 
Step 4. A d m i n i s t e r next i t e m . 
Step 5. It the e x a m i n e e w a s i n a n attentive state, g o to Step 1. If the examinee 
w a s i n a r a n d o m g u e s s i n g state, g o to Step 6. If the examinee w a s i n a n o n -
response state, g o to Step 7. 
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Step 6. D e t e r m i n e if the examinee r a n d o m l y guessed the correct answer . T o 
d o this , d r a w a r a n d o m n u m b e r f r o m U(0,1) a n d determine if it is larger t h a n c,. 
If the r a n d o m n u m b e r is larger than c„ then the i t e m score is 0, ref lect ing a n 
incorrect response . If the r a n d o m n u m b e r is e q u a l to or less t h a n c„ then the 
i t e m score is 1, re f lec t ing a correct response. G o to Step 3. 
Step 7. T h e i t e m score is 0 re f lec t ing a n incorrect response. G o to Step 4. 
Item Parameter Estimation Method 
I tem p a r a m e t e r est imates for a 3 P L I R M w e r e obta ined u s i n g a m a r g i n a l 
m a x i m u m l i k e l i h o o d e s t i m a t i o n m e t h o d w i t h a n e x p e c t a t i o n / m a x i m i z a t i o n 
a l g o r i t h m ( M M L E / E M ) a p p r o a c h w i t h B a y e s i a n p r i o r s o n i t e m parameters 
u s i n g the s o f t w a r e B I L O G - M G ( Z i m o w s k i , M u r a k i , M i s l e v y , & Bock , 1996). 
I tem p r i o r s w e r e the defaul t va lues for the B I L O G - M G sof tware as f o l l o w s : a 
w a s d i s t r i b u t e d as l o g n o r m a l w i t h a m e a n of 1.13 a n d a s t a n d a r d d e v i a t i o n of 
0.6 (Baker, 1992), h w a s d i s t r i b u t e d as n o r m a l w i t h a m e a n of 0 a n d s t a n d a r d 
d e v i a t i o n of 2, a n d c w a s d i s t r i b u t e d as beta w i t h parameters A L P H A = 5 a n d 
B E T A = 1 7 ( S w a m i n a t h a n & G i f f o r d , 1986). 
Analysis 
I tem p a r a m e t e r estimates w e r e averaged over repl ica t ions a n d w e r e e x a m i n e d 
g r a p h i c a l l y u s i n g scatterplots , as a f u n c t i o n of s a m p l e s ize , examinee m o t i v a -
t i o n l e v e l , a n d i t e m p o s i t i o n . 
Results 
Scatterplots of the m e a n i t e m parameter estimates (over 100 repl icat ions) for a n 
i t e m w i t h t rue parameters a = 1.5, b = 0 a n d c = .2 are d e p i c t e d i n F i g u r e 1 
(n=500) a n d F i g u r e 2 («=2 ,000) . M e a n i t e m parameter estimates w e r e p l o t t e d b y 
e x a m i n e e m o t i v a t i o n a n d i t e m p o s i t i o n . 
In the attentive examinee ca l ibra t ion c o n d i t i o n , i t e m parameter estimates 
c lus tered a r o u n d their true va lues , w i t h the except ion of the i t e m d i s c r i m i n a -
t i o n parameter . I t em d i s c r i m i n a t i o n t e n d e d to be overes t imated ( m a x i m u m 
bias of a b o u t 0.13) i n the attentive examinee c o n d i t i o n w h e n the c a l i b r a t i o n 
g r o u p s ize w a s s m a l l n=500). T h i s effect w a s not o b s e r v e d w h e n c a l i b r a t i o n 
g r o u p s ize w a s 2,000 examinees . 
I tem p a r a m e t e r est imates based o n i t e m responses f r o m examinees i n the 
l o w - m o t i v a t i o n c a l i b r a t i o n c o n d i t i o n s w e r e b iased a n d m o r e var iab le t h a n 
those b a s e d o n the responses of examinees f r o m the attentive g r o u p . I tem 
d i s c r i m i n a t i o n parameters tended to be u n d e r e s t i m a t e d for the l o w m o t i v a t i o n 
c o n d i t i o n s (by as m u c h as 0.4), for i tems i n pos i t ions 1 to 30 for b o t h s a m p l e 
s izes . A f t e r the 30th i t e m p o s i t i o n i n the test, the a parameter t e n d e d to be 
o v e r e s t i m a t e d for « = 5 0 0 (by as m u c h as 0.25), b u t r e m a i n e d u n d e r e s t i m a t e d for 
n=2,000. F u r t h e r , the var iance i n the m e a n a parameter estimates w e r e i n -
f l u e n c e d b y examinee l o w m o t i v a t i o n . A l t h o u g h the s t a n d a r d error of the 
m e a n a-estimates a p p e a r e d to be s m a l l e r for the n=2,000 c o n d i t i o n t h a n the 
n=500 c o n d i t i o n , b o t h l o w m o t i v a t i o n c o n d i t i o n s t e n d e d to h a v e m o r e v a r i a -
t i o n i n the a est imates c o m p a r e d w i t h the attentive examinee c a l i b r a t i o n c o n d i -
t i o n . 
T h e b p a r a m e t e r est imates also a p p e a r e d to be b i a s e d a n d m o r e var iab le as 
a resul t of the l o w m o t i v a t i o n of examinees . In general , i t e m d i f f i c u l t y p a r a m e t -
283 
C. van Barneveld 
Examinee condition 
Low motivation, n-500 Very low motivation, n=500 
0.0 1 2 3 A 
c-pwam*tw estimates (m«an) 
c-parwn«t«r estimate (mean) 
c-parameter estimate (mean) 
Note. The numbers in each graph represent the item position associated with 
the adjacent symbol. 
Figure 1. Scatterplots of mean item parameter estimates (over 100 replications) for an item 
with true parameters a = 1.5,b = 0 and c = .2, calibration group size n=500, by examinee 
motivation and item position. Note. The numbers in each graph represent the item position of 
ers t e n d e d to be o v e r e s t i m a t e d for b o t h l o w m o t i v a t i o n c o n d i t i o n s (by as m u c h 
as 0.45) as i t e m p o s i t i o n increased, espec ia l ly for the s m a l l s a m p l e s ize . 
T h e r e w a s a s l i g h t o v e r e s t i m a t i o n of the p s e u d o - g u e s s i n g parameters for 
i tems that w e r e p o s i t i o n e d ear ly i n the test (posi t ions 1 to 8, b y as m u c h as .1) 




Low motivation, n=2,000 Very low motivation, 0=2,000 
c-panm«t*r «ttimatt (ITWWI) 
Note. The numbers in each graph represent the item position associated with 
the adjacent symbol. 
Figure 2. Scatterplots of mean item parameter estimates (over 100 replications) for an item 
with true parameters a = 1.5,b = Oand c = .2, calibration group size n=2,000, by examinee 
motivation and item position. 
(pos i t ions 9 to 50, b y as m u c h as .15) for the v e r y l o w m o t i v a t i o n c a l i b r a t i o n 
c o n d i t i o n ) . 
F o r the l o w m o t i v a t i o n c a l i b r a t i o n c o n d i t i o n s , i t e m parameter estimates 
a p p e a r e d to be corre la ted to each other i n a n o n l i n e a r re la t ionsh ip . 
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Discussion 
L o w m o t i v a t i o n of examinees i n a ca l ibra t io n s t u d y results i n errors i n i t e m 
pa ra meter est imates , espec ia l ly w h e n the c a l i b r a t i o n g r o u p is s m a l l («=500) . 
A l t h o u g h errors are s m a l l e r for the larger ca l ibra t ion g r o u p s ize , the i t e m 
pa ra meter est imates are not recovered to their true va lues . 
A n in teres t ing f i n d i n g of this s t u d y w a s the corre la t ion b e t w e e n the i t e m 
pa ra meter est imates as a result of l o w examinee m o t i v a t i o n . T h i s m a y be a 
resul t of p o o r fit of the 3 P L I R T m o d e l to the l o w m o t i v a t i o n examinee re-
sponses . T h i s a lso m a y be related to the potent ia l i n t r o d u c t i o n of l o c a l i t e m 
d e p e n d e n c i e s as a resul t of the r a n d o m guess ing a n d o m i t t i n g b e h a v i o r s d i s -
p l a y e d b y l o w m o t i v a t i o n examinees , espec ia l ly t o w a r d the e n d of the test 
w h e r e r a n d o m g u e s s i n g or q u i t t i n g w a s m o r e prevalent . I n the l o w m o t i v a t i o n 
c o n d i t i o n s , e x a m i n e e abi l i t ies as spec i f i ed b y the 3 P L I R T m o d e l w e r e not the 
o n l y factors i n f l u e n c i n g e x a m i n e e s ' responses to test i tems. Ear l i e r research has 
s h o w n that v i o l a t i o n s to the I R T a s s u m p t i o n of loca l i t e m i n d e p e n d e n c e result 
i n b ias i n i t e m d i f f i c u l t y estimates a n d i t e m d i s c r i m i n a t i o n estimates, overes-
timation of the p r e c i s i o n of examinee scores, a n d o v e r e s t i m a t i o n of test 
r e l i a b i l i t y a n d test i n f o r m a t i o n ( O s h i m a , 1994; S ireci , Th issen , & W a i n e r , 1991; 
T h i s s e n , S te inberg , & M o o n e y , 1989; Y e n , 1993; Z e n i s k y , H a m b l e t o n , & S i rec i , 
2002). T h i s m a y l e a d to inaccurate inferences r e g a r d i n g examinee a b i l i t y that 
m a y resul t i n a h i g h e r chance of misc lass i f i ca t ion w h e n m a k i n g p a s s / f a i l 
dec i s ions b a s e d o n test results . 
A n o t h e r in teres t ing f i n d i n g of this s t u d y w a s that after the 30th i t e m p o s i -
tion i n the test, the a parameter w a s overes t imated for « = 5 0 0 for the v e r y l o w 
m o t i v a t i o n c o n d i t i o n , b u t r e m a i n e d u n d e r e s t i m a t e d for «=2 ,000 . T h i s effect 
m a y h a v e b e e n c a u s e d b y i tems at the e n d of the test h a v i n g f e w (if any) correct 
responses , because the t r a n s i t i o n p r o b a b i l i t y parameters u s e d i n the very low 
motivation c o n d i t i o n represented extreme va lues based o n e m p i r i c a l research. 
A s a result , the B a y e s i a n a p p r o a c h to the es t imat ion of i t e m parameters m a y 
h a v e i n f l u e n c e d the v a l u e s t o w a r d the e n d of the test because a p r i o r d i s t r i b u -
tion w a s d e f i n e d for the a parameter . T h e c o n t r i b u t i o n of the p r i o r d i s t r i b u t i o n 
of a d e p e n d e d o n the e x t r e m i t y of the es t imated v a l u e . Greater s h r i n k a g e 
o c c u r r e d w h e n the est imate a n d the m e a n of the p r i o r d i s t r i b u t i o n w e r e s u b -
s tant ia l ly d i f ferent . T h e p r i o r d i s t r i b u t i o n t e n d e d to restrain estimates f r o m 
a s s u m i n g u n l i k e l y v a l u e s , as d e f i n e d b y the p r i o r . T h i s effect w a s r e d u c e d for 
the larger s a m p l e s ize , w h e r e there w a s a h i g h e r l i k e l i h o o d of examinees w i t h 
h i g h a b i l i t y b e i n g i n c l u d e d i n the s a m p l e w h o r e m a i n e d attentive t h r o u g h o u t 
the test. 
E r r o r s i n the i t e m parameter estimates h a v e i m p l i c a t i o n s for test d e v e l o p -
m e n t o r g a n i z a t i o n s . F o r e x a m p l e , w h e n the d i s c r i m i n a t i o n parameter is u n d e r -
es t imated , a n i t e m appears to be less i n f o r m a t i v e t h a n i t t r u l y is at a g i v e n 
a b i l i t y l e v e l . D e p e n d i n g o n the p u r p o s e of the test a n d the i t e m select ion 
cr i ter ia (e.g., m a x i m u m i n f o r m a t i o n select ion criteria) , this i t e m m a y be u n d e r -
u s e d or d r o p p e d ent i re ly . W h e n severa l i tems are affected i n this w a y , the cost 
of d e v e l o p i n g a n d tes t ing i tems is increased, a n d field-test results m a y not 
accurate ly descr ibe the appropr ia teness of the i t e m g i v e n the p u r p o s e of the 
test. F o r the tes t ing o r g a n i z a t i o n respons ib le for the test, u n d e r e s t i m a t i o n of 
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i t e m d i s c r i m i n a t i o n m a y result i n a n ineff ic ient use of resources r e q u i r e d to 
cons t ruc t a n d a d m i n i s t e r the test i tems. 
T h e results of this s t u d y a lso h a v e i m p l i c a t i o n s for future test-takers. Items 
that a p p e a r to be m o r e d i f f i c u l t t h a n they rea l ly are m a y be m i s u s e d w h e n 
c o n s t r u c t i n g a n o p e r a t i o n a l test. F o r e x a m p l e , w h e n items w i t h overes t imated 
d i f f i c u l t y parameters are a d m i n i s t e r e d to a h i g h - m o t i v a t i o n g r o u p of ex-
a m i n e s — a s m a y o c c u r i n a h igh-s takes opera t iona l test a d m i n i s t r a t i o n — t h e i r 
a b i l i t y est imates w i l l be overes t imated because the examinees a p p e a r e d to 
a n s w e r d i f f i c u l t ques t ions correct ly . I n fact, these i tems are less d i f f i c u l t than 
they appear . 
L o w m o t i v a t i o n response b e h a v i o r s i n the c a l i b r a t i o n g r o u p m a y also have 
i m p l i c a t i o n s for the d e v e l o p m e n t of a c o m p u t e r i z e d a d a p t i v e test ( C A T ) . F o r 
e x a m p l e , i n a C A T w h e r e a m a x i m u m i n f o r m a t i o n strategy is e m p l o y e d as the 
i t e m se lec t ion a l g o r i t h m , i tems w i t h u n d e r e s t i m a t e d i n f o r m a t i o n m a y not be 
selected because they d o n o t appear to i m p r o v e p r e c i s i o n of the ab i l i ty es-
t imate . F i n a l l y , errors i n i t e m parameter estimates c a n cause errors i n the 
l o c a t i o n of the i t e m i n f o r m a t i o n c u r v e , s h i f t i n g i t to the r ight . E a c h of these 
errors i n the i t e m i n f o r m a t i o n f u n c t i o n m a y result i n a n increase i n the error 
associated w i t h e x a m i n e e a b i l i t y estimates, w h i c h m a y require the examinee to 
r e s p o n d to m o r e ques t ions t h a n necessary i n o r d e r to achieve a g i v e n s tandard 
error of the a b i l i t y est imate. 
Conclusion 
T h i s s t u d y i l lustrates the potent ia l effect of false a s s u m p t i o n s r e g a r d i n g the 
m e a s u r e m e n t m o d e l u s e d to describe the r e l a t i o n s h i p b e t w e e n examinees a n d 
test i t ems . W h e n data that reflected l o w m o t i v a t i o n test - taking behaviors were 
ca l ibra ted u s i n g the 3 P L I R M , i t e m parameter estimates w e r e b iased a n d m o r e 
v a r i a b l e t h a n w h e n the c a l i b r a t i o n g r o u p w a s c o m p o s e d of normal (attentive) 
examinees . T h e d i r e c t i o n a n d m a g n i t u d e of the biases d e p e n d e d o n degree of 
m o t i v a t i o n , c a l i b r a t i o n g r o u p s ize , a n d i t e m p o s i t i o n w i t h i n the test. 
A systemat ic r e v i e w of the effect of examinee m o t i v a t i o n o n i t e m ca l ibra t ion 
(and test cons t ruc t ion) is n e e d e d . Potent ia l v e i n s of research i n c l u d e : the re la -
tionship b e t w e e n e x a m i n e e m o t i v a t i o n a n d i t e m c a l ibra t io n for c o m m o n l y 
u s e d i t e m response m o d e l s , the d e v e l o p m e n t of rel iable tools for the ident i f i ca -
tion of l o w m o t i v a t i o n examinees i n a ca l ibra t io n g r o u p (perhaps m a k i n g use 
of the i t e m p o s i t i o n effect w i t h i n a test), a n d robust e s t i m a t i o n of i t e m paramet-
er est imates. 
Limitations of the Study 
Items w i t h i d e n t i c a l parameters w e r e u s e d i n this s t u d y . T h u s the genera l iz -
a b i l i t y of these results is restr icted to a n i t e m p o o l w i t h s i m i l a r characteristics. 
O t h e r i t e m parameters t y p i c a l l y f o u n d i n large-scale assessments that e m p l o y 
the 3 P L I R T m o d e l n e e d to be c o n s i d e r e d . I tem parameter es t imat ion errors 
s h o u l d be e x p l o r e d as a f u n c t i o n of selected a a n d b parameters . I n a future 
s t u d y , i t m a y be in teres t ing to explore the effect of alternate p o s i t i o n i n g of a 
g i v e n i t e m w i t h i n a test of i tems w i t h v a r y i n g characterist ics . P e r h a p s this m a y 
serve as a s t a r t i n g p o i n t for the d e v e l o p m e n t of a n i n d e x of l o w examinee 
m o t i v a t i o n . 
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T h e di f ference b e t w e e n the p r o b a b i l i t y of a correct a n s w e r g i v e n a r a n d o m 
g u e s s i n g e x a m i n e e state i n W i s e ' s (1996a) m o d e l a n d the c parameter d e f i n e d 
i n the 3 P L I R M is unc lear . U s u a l l y the c parameter is v e r y near the inverse of 
the n u m b e r of o p t i o n s , s u g g e s t i n g r a n d o m g u e s s i n g b e h a v i o r of the examinee . 
It m a y be less t h a n the inverse of the n u m b e r of opt ions , h o w e v e r , w h e n s o m e 
distracters are p a r t i c u l a r l y attractive to l o w - a b i l i t y examinees . It m a y also be 
h i g h e r i n v a l u e t h a n the inverse of the n u m b e r of opt ions w h e n s o m e dis t rac -
ters c a n be d i s m i s s e d b y l o w - a b i l i t y examinees . T h u s the c parameter assumes 
a n at tent ive state, w h e r e l o w - a b i l i t y examinees are engaged w i t h the i t e m . 
O n l y w h e n l o w - a b i l i t y examinees are attentive can the c parameter reflect 
test-taker b e h a v i o r as d e s c r i b e d above . W h e n the l o w - a b i l i t y examinee is i n a 
r a n d o m g u e s s i n g state, he or she is n o longer engaged w i t h the test i tems a n d 
therefore h i s or her p r o b a b i l i t y of a correct a n s w e r is the inverse of the n u m b e r 
of o p t i o n s . 
I n this s t u d y , o m i t t e d data w e r e scored as incorrect . T h i s is the harshest 
poss ib le t reatment of m i s s i n g d a t a a n d perhaps resul ted i n m o r e extreme i t e m 
p a r a m e t e r est imates t h a n if another treatment h a d been u s e d . In this case, the 
accuracy of the i t e m parameter estimates decreased as the n u m b e r of o m i s s i o n s 
increased . O t h e r treatments of o m i s s i o n s (De A y a l a , P l a k e , & I m p a r a , 2001) 
m a y be c o n s i d e r e d i n a f u t u r e s t u d y . 
References 
De Ayala, R.J., Plake, B.S., & Impara, J.C. (2001). The impact of omitted responses on the accuracy 
of ability estimation in item response theory. Journal of Educational Measurement, 38,213-234. 
DeMars, C. (2000). Test stakes and item format interaction. Applied Measurement in Education, 13, 
55-77. 
Baker, F.B. (1992). Item response theory: Parameter estimation techniques. New York: Marcel Dekker. 
Drasgow, F., Levine, M . , & Williams, E. (1985). Appropriateness measurement with 
polychotomous item response models and standardized indexes. British Journal of 
Mathematical and Statistical Psychology, 38,67-86. 
Hambleton, R., & Jones, R. (1994). Item parameter estimation errors and their influence on test 
information functions. Applied Measurement in Education, 7,171-186. 
Hambleton, R., Jones, R., & Rogers, H . (1993). Influence of item parameter-estimation errors in 
test development. Journal of Educational Measurement, 30,143-155. 
Hambleton, R., Swaminathan, H. , & Rogers, H . (1991). Fundamentals of item response theory. 
Newbury Park, C A : Sage. 
Hulin, C , Lissak, R., & Drasgow, F. (1982). Recovery of 2-parameter and 3-parameter logistic 
item characteristic curves—A Monte-Carlo study. Applied Psychological Measurement, 6, 
249-260. 
Kalohn, J., & Spray, J. (1999). The effect of model misspecification on classification decisions 
made using a computerized test. Journal of Educational Measurement, 36,47-59. 
Lord, F. (1980). Applications of item response theory to practical testing problems. Hillsdale, NJ: 
Erlbaum. 
McDonald, R. (1999). Test theory: A unified treatment. Mahwah, NJ: Erlbaum. 
Nering, M . (1997). The distribution of indexes of person fit within the computerized adaptive 
testing environment. Applied Psychological Measurement, 21,115-127. 
Oshima, T.C. (1994). The effect of speededness on parameter-estimation in item response theory. 
Journal of Educational Measurement, 31,200-219. 
Sireci, S.G., Thissen, D , & Wainer, H . (1991). On the reliability of testlet-based tests. Journal of 
Educational Measurement, 28,237-247. 
Stocking, M . , Steffen, M . , & Eignor, D. (2001). A method for building a realistic model of test taker 
behavior for computerized adaptive testing (Draft research report). Princeton, NJ: Educational 
Testing Service. 




Thissen, D., Steinberg, L., & Mooney, J. (1989) Trace lines for testlets: A use of 
multiple-categorical-response models. Journal of Educational Measurement, 26,247-60. 
Tsutakawa, R., & Johnson, J. (1990). The effect of uncertainty of item parameter-estimation on 
ability estimates. Psychometrika, 55,371-390. 
van der Linden, W., & Glas, C. (2000). Capitalization on item calibration error in adaptive testing. 
Applied Measurement in Education, 13,35-53. 
van der Linden, W., & Hambleton, R. (1997). Handbook of modern item response theory. New York: 
Springer-Verlag. 
van Krimpen-Stoop, E., & Meijer, R. (1999). The null distribution of person-fit statistics for 
conventional and adaptive tests. Applied Psychological Measurement, 23,327-345. 
Wise, L.L. (1996a). A persistence model of motivation and test performance. Paper presented at the 
annual meeting of the American Educational Research Association. New York. 
Wise, L.L. (1996b). Indicators of student effort on the National Assessment of Educational Progress. 
(Tech. Rep. for Grant No. R99B60002). 
Wolf, L.F., & Smith, J.F. (1995). The consequence of consequence—Motivation, anxiety, and test 
performance. Applied Measurement in Education, 8,227-242. 
Wolf, L.F., Smith, J.F., & Birnbaum, M.E. (1995). Consequence of performance, test motivation, 
and mentally taxing items. Applied Measurement in Education, 8,341-351. 
Yen, W . M . (1993). Scaling performance assessments—Strategies for managing local item 
dependence. Journal of Educational Measurement, 30,187-213. 
Yi, Q. (1998). A comparison of three ability estimation procedures for computerized adaptive testing in the 
presence of nonmodel-fitting responses resulting from a compromised item pool. Unpublished 
doctoral dissertation, University of South Florida, Tampa. 
Zenisky, A.L. , Hambleton, R.K., & Sireci, S.G. (2002). Identification and evaluation of local item 
dependencies in the Medical College Admissions Test. Journal of Educational Measurement, 39, 
291-309. 
Zimowski, M . , Muraki, E., Mislevy, R., & Bock, R. (1996). BILOG-MG. Chicago, IL: Scientific 
Software International, Inc. 
289 
